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The quantum anomalous Hall effect is an intriguing topological nontrivial phase arising from spon-
taneous magnetization and spin-orbit coupling. However, the tremendously harsh realizing require-
ments of the quantum anomalous Hall effects in magnetic topological insulators of Cr or V-doped
(Bi,Sb)2Te3 film, hinder its practical applications. Here, we perform first-principle calculations to
predict that three Mn2O3 structure are intrinsic ferromagnetic Chern insulators. Remarkably, a
quantum anomalous Hall phase of Chern number C = -2 is found, and there are two corresponding
gapless chiral edge states appearing inside the bulk gap. More interestingly, only a small tensile
strain is needed to induce the phase transition from Cmm2 and C222 phase to P6/mmm phase.
Meanwhile, a topological quantum phase transition from a quantum anomalous Hall phase to a
trivial insulating phase can be realized. The combination of these novel properties renders the two-
dimensional ferromagnet a promising platform for high efficient electronic and spintronic devices.
I. INTRODUCTION
In the last few decades, two-dimensional (2D) ma-
terials have attracted enormous attention due to their
exotic physical phenomena and unique properties con-
trasting to their bulk counterparts materials. [1–4] Nu-
merous investigations have been focused on pristine 2D
materials. Their intrinsic magnetic is found to be con-
trolled by the Mermin-Wagner theorem, [5] which de-
scribes the dominant effects of additional thermal fluc-
tuations in the limited phase space of a low-dimensional
system. This restriction immensely impedes the develop-
ment of these 2D nanomaterials in the field of nanoelec-
tronics and nanospintronics. For this purpose, 2D mag-
netic materials with fascinating electronic and magnetic
properties are greatly needed.
Recently, Cr2Ge2Te6 and CrI3 are the ultrathin lam-
inae exfoliation from intrinsically ferromagnetic (FM)
vdW materials, whose magnetic behaviour has been in-
vestigated down to a monolayer thickness. [6, 7] Hence,
the successful preparation of 2D magnetic materials pro-
vides a platform to explore intriguing properties, espe-
cially the quantum anomalous Hall (QAH) state. It is
insulating in the bulk but exhibits robust chiral edge
states, leading to quantized Hall conductivity in absence
of an external magnetic field. [8, 9] The synergistic effect
between the magnetic material which broken time rever-
sal symmetry (TRS) and the spin-orbit coupling (SOC)
could lead to an insulating state with a nonzero Chern
number. Due to the nontrivial topological properties
and intriguing potential application for designing low-
energy consumption electronics and spintronic devices,
enormous theoretical investigations have been made re-
cently to search for real QAH insulators. [10–22]
Until now, only V or Cr doped (Bi,Sb)2Te3 systems
have been experimentally reported to show QAH effect at
∗ caitianyi@suda.edu.cn
an extremely low temperature (<100 mK), and the quan-
tum anomalous Hall conductivity entirely vanishes at 2
K. [23–25] In those doped topological insulators (TIs),
magnetic disorder is found to be important to affect the
temperature in detecting QAH effect. To acquire a per-
fect quantization of QAH effect in magnetically doped
TIs system, a tremendously low temperature is hence
needed to restrain magnetic disorders in experiments.
[26] Hence, the intrinsic magnetic topological materials
are desired.
Experimentally, the honeycomb-Kagome (HK) struc-
ture of Y2O3 monolayer has synthesized on graphene.[27]
All the atoms are in the plane, which corresponds to
high-symmetric P6/mmm structure. It indicates that the
2D HK structures could be prepared in the experiment.
Wang et al. firstly predict the HK structure of V2O3
monolayer has the ground state of FM state. More in-
terestingly, the QAH effect is found to be realized in this
system.[28] Recently, Zhang et al. predict the QAH ef-
fect can also be realized in 5d oxide Nb2O3 with the HK
structure.[29] These experimental and theoretical work
indicate that the HK structure has a potential on the
realization of the QAH effect.
In this paper, we have implemented systematic mag-
netic and electronic calculations on the basis of the den-
sity functional theory for 2D Mn2O3 monolayer. First
of all, we find that the ground state is not in fact the
high-symmetric P6/mmm structure, (the high-symmetric
structure proposed in the previous studies [27–29]), but a
lower-symmetric phase with oxygen atoms shifting along
the z axis. In addition, we also find that all Mn2O3 struc-
ture are ferromagnetic and Dirac half-metals (DHMs)
with combination of a single-spin massless Dirac fermions
and a half-metallic band structure. Finally, we find that
the biaxial strain can drive the structure and topological
phase transitions. These findings make Mn2O3 promis-
ing building blocks for future applications in electronics
and spintronics.
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2II. STRUCTURES AND COMPUTATIONAL
METHODS
To investigate the electronic and magnetic structures,
we implemented the Vienna Ab initio Simulation Pack-
age (VASP) [30, 31] for the first-principles calculations
based on density functional theory (DFT). The elec-
tron exchange-correlation functional was described by
the generalized gradient approximation of the Perdew-
Burke-Ernzerhof functional. [32] The plane-wave ba-
sis set with a kinetic energy cutoff of 500 eV was em-
ployed. Here, 12 × 12 × 1 (12 × 8 × 1) and 24 × 24 × 1
(24 × 16 × 1) Γ-centered k meshes are adopted for the
structural optimization and the self-consistent calcula-
tions of the P6/mmm (Cmm2, C222) structure, respec-
tively. To avoid unnecessary interactions between the
monolayer, the vacuum layer was set to 20 A˚. The total
energy convergence criterion was set to be 10−6 eV. To
confirm the structural stability, the phonon spectra were
calculated using a finite displacement approach as imple-
mented in the PHONOPY code, in which a 4×4×1 super-
cell were used. [33] What’s more, to describe the strongly
correlated 3d electrons of the Mn atom, the GGA + U
method was used.[34] The onsite Coulomb repulsion U
was varied between 0 and 5 eV for Mn. An effective tight-
binding Hamiltonian constructed from the maximally lo-
calized Wannier functions (MLWFs) was employed to ex-
plored the edge states. [35–37] Therefore, the edge states
were calculated in a half-infinite boundary condition us-
ing the iterative Green’s function method by the package
WANNIERTOOLS. [37, 38]
III. RESULTS AND DISCUSSION
A. Search for the stable structure
Figure 1(a) shows the structure with P6/mmm sym-
metry. The HK structure is that two Mn atoms form
honeycomb lattice and three O atoms form kagome lat-
tice. Evidently, 2D Mn2O3 with such a structure has the
same D6h point group symmetry as graphene. It is a pla-
nar single-layer sheet, and its optimized lattice parameter
is a = b = 6.19 A˚.
In order to investigate dynamical stability of the 2D
Mn2O3, we perform phonon spectrum calculations, as il-
lustrated in Figure 2(a). It is well-known that the imag-
inary frequencies indicate the dynamical instability. The
phonon spectrum of 2D Mn2O3 in P6/mmm phase indeed
shows structural instabilities. These instabilities are in-
dicated by the imaginary frequency modes. Note that Γ
point are doubly degenerate and M point are singly de-
generate, and all modes with out-plane vibrational char-
acter. Particularly, we show the Γ and M high-symmetry
points eigenvectors in Figure 2(b). Thus, we search for
the structural ground state by comparing the calculated
total energies of structures with different oxygen atoms
shift along z axis. P6/mmm space group have 24 sym-
metry operations, which consist of one identity operation
(E), one center of inversion operation (I), one 180◦ rota-
tion operation (C2), two 120
◦ rotation operations (C3),
two 60◦ rotation operations (C6), two 120◦ rotation times
reflection operations (S3), two 60
◦ rotation times reflec-
tion operations (S6), six rotation times inversion opera-
tions (C′ or C′′ ) and seven plane of reflection operations
(σ). While oxygen atoms are shifted along z axis, the
possible existed two subgroup structures are Cmm2 and
C222, as shown in Figure 2(c).
FIG. 1. (a) Top and side views of the P6/mmm structure of
Mn2O3 monolayer with lattice vectors ~e1 and ~e2, the unit cell
is indicated by the blue shading. The Mn and O atoms are
depicted by the light blue and red balls, respectively. (b) The
first Brillouin zone of the Mn2O3 with the reciprocal lattice
vectors ~b1 and ~b2 and its projections onto the one-dimensional
Brillouin zone.
The crystal structures of Cmm2 and C222 phase are
shown in Figure 3(a) and Figure 3(b). The unit cell is
made up of four Mn atoms and six oxygen atoms. More-
over, Cmm2 and C222 structure consist of free flat atomic
layers. Cmm2 structure only has four Mn atoms in its
mid-plane, while the middle layer of C222 structure has
four Mn atoms and two oxygen atoms, and it is sand-
wiched by two oxygen atomic planes. h1 (h2) is the space
between the top (bottom) layer of O and Mn atom layer,
with values 0.26 A˚ and 0.14 A˚ for Cmm2 phases and
0.23 A˚ and 0.23 A˚ for C222 phase, respectively. We cal-
culate the total energies of these two structures by fully
relaxing the ionic positions. We find that the energy of
Cmm2 and C222 structure is 4.65 meV and 4.54 meV per
unit cell lower than that of P6/mmm structure, respec-
tively. The energy differences between the Cmm2 and
C222 phase are very small, under the range of numerical
errors. As show in Figure 3(c), the phonon spectrum of
Cmm2 phase only has quite small imaginary frequencies
in the vicinity of the Γ point, which may be related to
the limited supercell size. [39] As shown in Figure 3(d),
C222 structure has no imaginary frequencies, showing
the dynamically stability.
3FIG. 2. (a) Phonon dispersion curves of the P6/mmm struc-
ture of Mn2O3 monolayer. (b) The imaginary wave num-
bers of the low-lying modes at Brillouin zone boundary Γ and
M points eigenvectors are shown in the lower panel. (c) A
schematic diagram, indicating the possible 2 subgroup struc-
tures. Arrows indicate that a structure with unstable higher-
symmetry to a stable lower-symmetry, which are the oxygen
atoms along the z axis shift.
B. The magnetic ground state
In order to explore the magnetic ground state for
three Mn2O3 phase, we will consider the contribution
of three major energy: (1) magnetic energy interac-
tions scale, (2) on-site Coulomb energy, (3) spin-orbit
coupling energy. For magnetic energy, we consider all
possible magnetic configurations in 2 × 2 × 1 super-
cell (see Figure 4), namely, the FM, antiferromagnetic-
Neel (AFM-N), antiferromagnetic-stripy (AFM-ST),
antiferromagnetic-zigzag (AFM-ZZ), antiferromagnetic-
cluster-I (AFM-C-I), antiferromagnetic-cluster-II (AFM-
C-II), and antiferromagnetic-cluster-III (AFM-C-III). On
the other hand, 3d Mn ions have a strong Coulomb cor-
FIG. 3. (a, b) Top and side views of the Cmm2 and C222
structure of Mn2O3 monolayer with lattice vectors ~e1 and
~e2, the unit cell is indicated by the blue shading. The Mn
and O atoms are depicted by the light blue and red balls,
respectively. (c, d) Phonon dispersion curves of the Cmm2
and C222 structure of Mn2O3 monolayer, respectively.
relation. We also calculate the electronic structure of
Mn2O3 with different Hubbard U values. Finally, the
spin-orbit coupling is considered. We calculate the total
energy with the magnetization direction in or out-of the
plane.
Figure 5(a) summarizes our calculated results. With
nonzero Hubbard U values, the ground state of P6/mmm
phase becomes FMz state, in which all the Mn magnetic
moments align along the z axis (out of the plane). (all
data, see Figure S1) Only when the Hubbard U disap-
pears, the ground state changes to be antiferromagnetic
with Mn magnetic moments in the plane (AFM-STx con-
figuration). Actually, the previous studies have shown
that the on-site Coulomb repulsion U is 3∼4 eV for Mn.
[40–42] Thus, combining P6/mmm phase and previous
investigation, we studied the ground state of Cmm2 and
C222 structure with U = 3 and 4 eV (all data, see Figure
S2 and Figure S3), as illustrated in Figure 5(b, c). For
all magnetic configurations, the total energies of FMz
state are obviously smallest than other configurations.
Hence, the ground state are FMz state for Cmm2 and
C222 structure. In the following, we chose U= 4 eV to
investigate band structure and topological properties.
Moreover, the spin polarized FM ground state with
a magnetic moment of 4µB per Mn atom is found for
Mn2O3. It corresponds to the d
4↑ spin configuration of
Mn3+. The Monte Carlo (MC) method is used to cal-
culate Curie temperature Tc. The MC simulations are
implemented on a 80×80 supercell which is adopted to re-
duce translational constraint, using 1×107 loops for each
temperature. Tc value is obtained to be about 728 K,
606 K and 586 K for P6/mmm, Cmm2 and C222, re-
spectively.
4FIG. 4. Top view of various AFM spin configurations: AFM-
Neel (AFM-N), AFM-stripy (AFM-ST), AFM-zigzag (AFM-
ZZ), AFM-cluster-I (AFM-C-I), AFM-cluster-II (AFM-C-II),
and AFM-cluster-III (AFM-C-III), where the blue (green) cir-
cles denote the up (down) spins.
FIG. 5. The total energy E, relative to E of FMz state, for
several magnetic configurations of Mn atoms in Figure 4 as
a function of Hubbard U. (a) P6/mmm structure, (b) Cmm2
structure and (c) C222 structure.
C. Electronic band structure
In order to further investigate the nature of FM order-
ing in Mn2O3, we calculate the spin polarized band struc-
tures for P6/mmm, Cmm2 and C222 phase, as shown in
Figure 6 (a, d, g). We find that all structure exhibit two
intriguing properties: (1) The spin down channel shows
a large insulating gap with values 4.02 eV, 4.01 eV and
4.01 eV for the P6/mmm, Cmm2, and C222 structure, re-
spectively. (2) Four up-spin bands emerge near the Fermi
level, two of which form Dirac cones at the high symme-
try K point. In distorted Cmm2 and C222 structures, the
Dirac cone in up-spin bands still exist but are inclined.
It may be caused by the oxygen atoms shift along z axis.
Therefore, the 2D Mn2O3 monolayer is an intrinsic DHM.
To know the origin of the Dirac cone, we analyze the
band contributions around the Fermi level, as shown in
Figure S4. One can see that the Dirac states are mainly
contributed by the dxy and dx2−y2 orbitals of Mn atoms.
These orbitals have stronger SOC strength than the p or-
bitals observed in the previous Dirac cones.[2, 3, 21, 43–
46] The combination of massless Dirac fermion and 100%
spin polarization render 2D Mn2O3 monolayer candidate
for future applications in optoelectronics and spintronics.
FIG. 6. Band structures without (a, d, g) and with (b, e, h)
SOC as well as anomalous Hall conductivity (σxy) (c, f, i) of
the P6/mmm structure (a, b, c), Cmm2 structure (d, e, f) and
C222 structure (g, h, i). The blue and red curves correspond
to the spin up and spin down energy bands, respectively.
5Further, we study the influence of SOC on the band
structures. Indeed, the Dirac band dispersion is de-
stroyed and a band gap is opened when the SOC effect is
considered. In Figure 6(b, e, h), we show the electronic
structure with SOC, and band gaps of about 21.67 meV
(P6/mmm), 22.56 meV (Cmm2) and 26.04 meV (C222)
are found.
D. Quantum anomalous Hall effect
To investigate the topological properties of Mn2O3, we
calculate the anomalous Hall conductivity (AHC) by us-
ing the formula
σxy = C
e2
h
, (1)
C =
1
2pi
∫
BZ
d2k Ω(k), (2)
where C is Chern number. Nonzero C values indicate
the quantized anomalous Hall conductance σxy. [47] The
calculated AHC of three different Mn2O3 structure are
displayed in Figure 6. All Mn2O3 phases [Figure 6 (c, f,
i)] show the quantized conductance, σxy = -2e
2/h in the
gap. It indicates that all the phase are QAH insulators
with Chern number C = -2, showing the strong potential
of Mn2O3 in the transport.
In addition,
Ω(k) = −
∑
n
fn
∑
n′6=n
2Im 〈ψnk | vx | ψn′k〉 〈ψn′k | vy | ψnk〉
(En′ − En)2 ,
(3)
where Ω(k) is the Berry curvature in reciprocal space, vx
and vy are operator components along the x and y di-
rections and fn = 1 for occupied bands. [48] The Berry
curvature distribution of the QAH state is displayed in
Figure 7(b, d, f). One clearly sees that the main contri-
bution of Berry curvature comes from the vicinity of the
high symmetric K and K’ points with the same sign for
P6/mmm structure. The Berry curvature has the maxi-
mum values along the Γ-X direction for Cmm2 and C222
structure.
According to the bulk edge correspondence, [49] the
absolute value of the non-zero Chern number is related
to the number of nontrivial chiral edge states connecting
the valence and the conduction bands. With an effective
concept of principle layers, an iterative procedure to cal-
culate Green’s function for semi-infinite sheet of Mn2O3
is performed. [50, 51] The energy and momentum de-
pendence of local density of states at the edge can be
obtained from the imaginary part of the surface Green’s
function. The edge states are shown in Figure 7(a, c, e).
It is clear that there are two gapless chiral edge states
that emerge inside the bulk gap. The results are consis-
tent with Chern number C = -2.
FIG. 7. (a, c, e) Calculated edge state of a semi-infinite sheet
of Mn2O3, and (b, d, f) the Berry curvature with SOC in the
momentum space of the P6/mmm structure (a, b), Cmm2
structure (c, d) and C222 structure (e, f).
E. Strain driven structure and topological phase
transitions
Based on the calculations of the Chern number and
edge states above, we have confirmed the nontrivial
topology with sizable band gaps in three Mn2O3 struc-
tures. For the purpose of practical applications, it is of
extraordinary interest to further explore the strain effect
on the structure and topological properties. The applied
strain can drive structural phase transitions in a series
of materials, [52–54] such as strain engineered T and H
phase transitions in VS2 monolayer. [53] Besides this, the
strain is expected to tune the band gap of our Mn2O3 sys-
tem as well, and even change their band structure topol-
ogy in a controllable way, which, if possible, will have
potential use in electronics and spintronics. Therefore,
we calculate electronic structures of three Mn2O3 phase
under the biaxial strain to examine the tunability of a
topological phase transition and the possible existence of
a structures phase transition. The biaxial strain in our
calculations is defined as ε = (a-a0)/a0×100%, where a
6and a0 represent the in-plane lattice constant after and
before the strain is applied, respectively.
FIG. 8. Calculated global gap in three Mn2O3 monolayer
structure as a function of the biaxial strain with U = 4 eV for
Mn. Red vertical dashed lines denote the topological phase
boundaries. Different background color denote different struc-
ture Mn2O3, the P6/mmm, Cmm2, and C222 structure are
depicted by the light green, orange, and light blue, respec-
tively. (a) P6/mmm structure, (b) Cmm2 structure and (c)
C222 structure.
As shown in Figure 8, we show the band gap, struc-
tural phase transitions and the topological phase diagram
of the three Mn2O3 structure as a function of strain. The
corresponding band structures of three Mn2O3 phase are
illustrated in Figure S5, S6 and S7. It is seen that the
variation of the band gap, structural phase and topo-
logical phase are all sensitive to the applied strain. We
found that the nontrivial QAH insulating state is stable
in a larger strain range until the strain reaches ε = 1%,
where the P6/mmm structure becomes the normal insu-
lator (NI). Moreover, Figure 8(a) shows that the global
band gap can reach up to 30.4 meV in P6/mmm struc-
ture under a 5% in-plane extensive strain. Due to the
P6/mmm phase is a planar structure, its structure is dif-
ficult to be changed under the applied strain. We also
find that Cmm2 and C222 phase are located vastly close
to the phase boundary between the QAH insulator phase
and a normal insulator phase. Only within the a strain
ranges from -1% to 2 % and 0% to 2% for Cmm2 and
C222 structure, respectively, they remain in the QAH
phase. The Dirac points are destroyed by tensile strain
for P6/mmm phase and compressive strain for Cmm2
and C222 phase. Meanwhile, small strain will induce the
structural transition from Cmm2 to P6/mmm (2%), and
from C222 to P6/mmm (1%), respectively. Therefore,
if SiC and h-BN are substrates experimentally, quantum
devices in spintronics can be realized.
IV. CONCLUSION
In summary, based on first principles calculations, we
have systematically studied the structural stability, mag-
netic, and bands structures of the Mn2O3 monolayer.
More interestingly, we find that the 2D Mn2O3 have
three phases: P6/mmm, Cmm2 and C222 phase, of which
Cmm2 and C222 phase are more stable ones. All three
phases are intrinsic Dirac half-metals which exhibits
many fascinating properties, including massless Dirac
fermions, 100% spin polarization, and large magnetic mo-
ments. Remarkably, a topological quantum phase tran-
sition between the QAH insulating phase and normal in-
sulating phase can induced by strain. Meanwhile, the
strain can also lead to the structural phase transition
from Cmm2 and C222 phase to P6/mmm phase. The
prediction of the QAH effect in the Mn2O3 monolayer
provides a new platform with distorted structures for the
exploration of QAH insulator in the transition metal ox-
ide.
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